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Abstract

The tidal signature in the middle atmospheric thermal structure is investigated using more than 140 hours
of Mghtﬁme lidar measurements at Table Mountain (3.4.4°N) during January 1997 and February 1998.
The lidar profiles (30-85 km) reveal the presence of persistent mesospheric temperature inversions around
65-70 km altitude with a clear Local-Solar-Time (LST) dependence. Daytime temperature profiles (65-
105 km) obtained by the High Resolution Doppler Imager (HRDI) onboard the Upper Atmosphere
Research Satellite (UARS) in January and February from 1994 to 1997 and zonally averaged at the
latitude of TMF are considered together with the lidar results. The daytime HRDI and nighttime lidar
temperature differences from their respective daytime and nighttime averages are compared to the
equivalent differences predicted by the Global Scale Wave Model (GSWM). A remarkable consistency is
observed between the lidar and the HRDI upper mesospheric thermal structure, wi_th a continuous
downward propagation of warm temperatures from lOO‘km at 10:00 LST to 75 km at 20:00 LST and 65-
70 km at 3:00-5:00 LST surrounded above and below by colder temperatures. This structure is predicted
by GSWM but with a 2-4 hour delay and a weaker amplitude. On the lower siFle of this structuré (i.e. 65-
70 km) a thin layer, characterized by early night cold temperatures and late night warm temperatures, is
identified as the result of the downward propagation of the temperature inversions. Using simulated data
and a “first-guess” method, and assuming that the observed temperature variability was entirely driven by
tides, some estimations of the diurnal and semidiurnal phases and amplitudes have been made from the
lidar measurements between 40 and 85 km altitude. The estimated diurnal amplitude exhibits a minimum
at 63 km with a fast phase transition characteristic of the transition between the upper stratospheric
trapped modes (phase at 18:00 LST) and the upward propagating modes. This transition layer is predicted
by GSWM to be at 5 km lower altitude, altitude shift present throughout tl.\e middle mesosphere.
Immediately above the transition layer the very fast growing diurnal amplitude between 65 and 72 km is
followed by a substantial decrease and by the emergence of the semidiurnal component resulting in the

formation of the mesospheric temperature inversion layers. However, the amplitude of the inversions



remains large compared to the theoretical tidal predictions and a different formation mechanism should
possibly be considered. Recent modeling studies show that éravity wave breaking can be significantly
affected by the tidal background winds and some preferential wave breaking times could emerge that are
dependent on the phase of the diurnal tide and the characteristics of the dissipating waves. This "LST-

filtering" could result in LST-dependent temperature inversion layers similar to those observed by lidar.



1. Introduction

Atmospheric tides are the global, latitudinally-dependent response of the atmosphere to the periodic
forcing of solar heating. They comprise Fourier-decomposed oscillations with periods that are harmonics
of the initial 24-hour period forcing, i.e., 24-hours, 12-hours, 8-hours, etc.. Tide theories, and many
associated mechanistic models, have been extensively developed [e.g., Chapman and Lindzen, 1970,
Forbes, 1982; Hagan et al., 1995] and predict the dominance of the 24-h (diurnal) and 12-h (semidiurnal)
westward migrating modes (following the apparent motion of the sun). An interesting overview of tidal
theory is given by Forbes [1995]. 1deally the tides should be studied using continuous and simultaneous
global measurements with a latitudinal resolution of a few degrees. Unfortunately, no such ideal
instrument or network of instruments is presently available and probably will not exist for some time.
Satellite measurements have the advantage of providing global coverage but their time-sampling is
usually inadequate and the data needs to be averaged over several days or months to complete a full 24-
hour cycle. On the other hand, the localized ground-based measurements can be obtained continuously
over a longer period (many days in a row) but their interpretation in terms of tides is subject to bias due to
regional effects such as inertio-gravity waves and gravity waves with long periods (8- to 48-hours) and
the inability to retrieve global information. Although the sources of the middle atmospheric tides (10-100
km) are located in the troposphere (near-IR absorption by water vapor) and stratosphere (UV absorption
by ozone), their amplitudes are much larger once they have propagated upward into the Mesosphere-
Lower-Thermosphere (MLT) region. Consequently, tidal oscillations in the MLT region have been widely
observed in the horizontal wind data [e.g., Manson et al., 1989; Burrage et al., 1995, McLa'ndress etal,
1996; Khattatov et al., 1997] but very few observations of the middle atmospheric and MLT thermal tides
have been obtained until recently [Gille et al., 1991; Dudhia et al., 1993; Keckhut et al., 1996; Yu et al.,
1997; States and Gardner, 1998; Meriwether et al., 1998]). The number of instruments and reliable
temperature measurements techniques for these altitudes is limited, especially at latitudes lower than

40°N. There is a crucidl need for extensive studies of the thermal tides in the stratosphere and mesosphere



in order to quantify their importance and their role in the middle atmospheric dynamics as well as to

better understand the MLT coupling (the MLT region has not yet lost its nickname of "ignorosphere").

In this study, nighttime winter temperature profiles (30-95 km) obtained by the Jet Propulsion Laboratory
(JPL) Rayleigh lidar located at the Table Mountain Facility, California (TMF, 34.4°N) [McDermid et al.,
1990], and daytime temperature profiles (60-110 km) from the High Resolution Doppler Interferometer
(HRDI) [Ortland et al., 1998] onboard the Upper Atmosphere Research Satellite (UARS) have been
compared to the January outputs of the Global Scale Wave Model (GSWM) [Hagan et al., 1995). The
study focuses on the lidar results since the HRDI data set remains statistically limited. Afthough
measurements of the middle atmospheric temperature by lidar are very accurate up to ~80 km altitude, the

extraction of thermal tidal components is usually difficult and painstaking for several reasons:

i) The amplitude of the middle atmospheric tides is believed to be less than 5-10 K and many other real
geophysical features (mostly long-period gravity waves) can be important sources of "geophysical noise"
obscuring the tidal signatures. These interfering features are readily seen because of the high accuracy,

and vertical and temporal resolutions of the lidar measurements.

i) The tidal amplitudes usually increase with altitude but so does the total error in the lidar retrieval of

temperature.

iii) For most lidar systems only nighttime measurements are available making the extraction of the 12-

hour and 24-hour components more difficult.
The problem (iii) similarly applies to the daytime-only HRDI temperature measurements.

Unless a strong tidal component is obvious from the observations, simply studying the time-evolution of
the temperature during single nights or single days is not a good way to investigate tides and a more
sophisticated approach has to be taken. To reduce the effect of problems (i) and (ii), the first step involves

taking several nights (days) of lidar (HRDI) measurements during a given season and summing the raw



data taken at given Local Solar Times (LST) to obtain mean temperature profiles as a function of LST.
Thus, most of the long-period gravity wave disturbances detected by lidar, most of the variability due to
the planetary waves detected by HRDI, and most of the lidar and HRDI instrumental noise, which are
expected to be random from one night (day) to another, are substantially reduced if not removed. To
reduce the effect of problem (iii) several approaches have been used in this study. The classical method
would be to take a known climatology like CIRA86 [Fleming et al., 1990] or MSIS90 [Hedin, 1991] as
the 24-hour average and reference profile. However, several lidar temperature climatologies have shown
large disagreements between CIRA86 and the observations [Leblanc et al., 1998b] so that the reference
profile would actually be wrong. The same argument applies to MSIS90 since it includes some CIRA86
information in its middle atmospheric part. For this reason we choose not to use any a priori information
but only information based on the observations. First, using the mean profiles, the HRDI temperature
differences from the daytime average (~8 hours) and the lidar temperature differences from the nighttime
average (10-11 hours) were calculated as a function of LST and then were combined and compared.
Second, these differences were compared to corresponding values calculated from outputs of GSWM.
Third, the lidar temperature differences were fitted iteratively, using estimations of the tidal phases and
amplitudes, to extract both diurnal and semidiurnal components. No such work was attempted for the
HRDI differences since the measurement window was only 8 hours. Some computer simulations of tide
extraction were performed beforehand to insure that the iterative extraction of the 12- and 24-hour
components was possible even when using only a 10-11 hour long nighttime measurement window. The
same method has been used for a similar study using lidar data from Mauna Loa Observatory (19.5°N) in

October and is presented in a companion paper {Leblanc et al., this issue ?].



2. Instruments and Data sets
2.1. Rayleigh lidar temperatures

Laser radiation transmitted into the atmosphere is backscattered by the molecules in the atmosphere and
collected by a telescope. When the Mie scattering due to the acrosols particles is negligible compared to
the molecular scattering (i.e. above 30 km) the number of photm'ls received is proportional to the number
of photons emitted in the laser pulse and to the number of air molecules (or air density). The atmospheric
relative density can thus be derived (Rayleigh lidar equation). The temperature is deduced from the
relative density using the hydrostatic equilibrium and ideal gas law assumptions. A priori temperature
information is needed at the top of the profile and is usually taken from climatological models like CIRA-
86. The total error in the temperature at the top due to this a priori initialization can be larger than 20 K
but rapidly decreases as the temperature profile is integrated downward (typically divided by a factor of 3
every 10 km). Some description of the Rayleigh lidar, temperature retrieval techniques, and detailed
reviews of the different sources of temperature uncertainty are given, for' example, by Leblanc et al.
[1998a] and Keckhut et al. [1990]. The JPL Rayleigh lidar instrument used in this study is located at
Table Mountain Facility, California (TMF, 34.4°N, 117.7°W). In this study we focus on the winter period.
Lidar temperature profiles obtained during 5 nights from January 7-11, 1997, and 7 nights between
February 26 and March ;1, 1998 were used, with a maximum of 11-hours of continuous measurements per

night. A total of 140 hours of lidar measurements distributed from 18:00 to 5:00 LST were available.
2.2. HRDI temperatures

HRDI measures brightnesses in the O, atmospheric A-band by observing the earth limb with line of sight
tangent heights between 50 and 115 km. This brightness is basically proportional to both the band volume
emission rate and an emission cross section which is a function of temperature and the emission line

within the band. In order to separate the brightness dependence on volume emission rate and temperature,



two consecutive limb scans are made in which different lines within the A-band are measured. The
profiles of brightness measurements from the two limb scans are inverted together to provide both a
temperature and a band volume emission rate profile. Because of the nature of the viewing modes,
temperatures are recovered from 65 to 105 km, with the most accurate determination above 75 km. For

more details, see Ortland et al. [1998].

The space-time coverage of HRDI data depends on the 96 min UARS orbital period, the 57° orbital
inclination and the 72 day orbital precession rate. The HRDI telescope views at a pair of 45° angles from
the orbit normal. A tangent point track intersects a latitude circle twice within its coverage range, once in
the ascending node and once in the descending node. At the latitude of TMF only one of these nodes
occurs during the day time (when HRDI can make temperature measurements). The orbital period and
precession rate determine that consecutive orbit crossings occur 24.4° in longitude apart. This means that
the closest pair of crossings will occur after 15 orbits (one day), and the second of these will be 6°
longitude to the west of the first. At the latitude of TMF, this gives a separation of 540 km, with a 20 min
local time delay, and eventually a HRDI overpass of TMF within 500 km once every ~4 days. Sufficient
information was not available from the geographical near-coincidences alone. Therefore, to obtain a
significant statistical basis, all longitudinally averaged HRDI temperature profiles taken in January and
February between 1994-1997 at the latitude of TMF were used. A total of 109 profiles distributed over 8

hours between 8:30 and 16:30 LST were used for a comparison with the TMF lidar winter results.
3. Nighttime evolution of temperature: Comparison of lidar, HRDI, and GSWM.

Figure 1 shows the evolution of the hourly-mean temperature profiles obtained by lidar at TMF for 3
consecutive nights in January 1997 and 5 consecutive nights in February 1998. The first profile was taken
at the beginning of the night (19:00 LST for January 97 and 20:00 LST for February 98) and the others
are shifted by 10 K every one hour, ending at 5:00 LST. The profile separated from the others on ﬁe right

is the overall nightly average profile. The dotted-dashed line is the January monthly-mean temperature



profile from CIRA-86 [Fleming et al., 1990]. A mesospheric temperature inversion layer (grey shaded
areas) is consistently observed between 60 and 70 km altitude. The consistency is not only observed
between two consecutive nights but also between January 1997 and February 1998. Moreover, the top of
the temperature inversion appears to show a characteristic behavior; its altitude decreases from near 65-70
km at the beginning of the night to near 60-65 km at the end of the night. This strong night-to-night
repeatability in the inversion behavior might mean that tidal effects act as a major source of variability in
this region. However, at this stage of the analysis it is difficult to assert that they are entirely responsible
for the formation of the inversions. Too much variability in time, a non-systematic downward propagation
(some stationary and/or upward propagating structures have been also observed, not shown here), and

especially some 10-30 K amplitude would argue against this.

The raw lidar data for each of the 5 nights of January 1997 were combined to obtain mean nighttime
profiles for January 1997, sampled every hour between 18:00 and 5:00 LST. The same method was
employed to obtain mean nighttime profiles for February 1998, and similarly profiles combining January
1997 and February 1998. These hourly-mean profiles for January 97, February 98, and both periods
together, are presented in figure 2. As expected, and compared to figure 1, a large part of the temperature
variability has been removed and the smoothed appearance of each profile shows that most of the
geophysical and instrumental noise has been suppressed. The temperature inversion layers at 60-70 km
are still present in all three figures (shaded areas) and their amplitudes rerﬁain moderate. Although they
are not as strong as the inversions observed in the individual profiles, it is clear that these inversions are
not the result of a random or chaotic behavior. The ratios of the amplitude of the individual inversions
(15-30 K) to the amplitude of the mean inversions (10-15 K) are much larger than the number of profiles
used to obtain the mean profiles (approximately 10 hourly individual profiles were used to obtain one
hourly mean profile), indicating that the inversion layers have a repetitive behavior on a day-to-day basis.
The nightly average profiles have been initialized at altitudes higher than 90-95 km, thus giving a high

level of confidence below 80 km. A well defined wave-like structure can be observed above 80 km with a



temperature minimum propagating downward during the night. For some profiles, a second temperature
inversion layer occurring between 80 and 90 km altitude is also observed. This structure is very similar to
that observed 20 km lower and, as discussed below, might help confirm the role of the tides. Figures 1
and 2 additionally show that the temperature.inversions cannot be a consequence of the semidiurnal
component alone since all of the nightly mean profiles (close to 12-hour averages) show a well defined

non-zero wave amplitude.

For the three periods defined above, the nightly average profile was subtracted from each of the hourly
mean profiles. This caléulation was also made for the daytime HRDI temperatures obtained at the latitude
of TMF in January and February 1994-1997 (but using the daytime average instead of the nighttime
average). The temperature differences obtained by lidar every hour between 18:00 and 5:00 LST and by
HRDI between 8:30 a;nd 16:30 LST are contoured as a function of altitude and time in plate 1. Due to the
limited statistics, the HRDI data cannot be displayed for each year separatcly and therefore any
interannual tidal variability could introduce some small differences between HRDI and lidar. These
differences are expected to be negligible compared to the tidal amplitudes and to the residual noise
contained in both PiRDI and lidar datasets. It should also be noted vthat the HRDI daily average
temperature and the lidar nightly average temperature can be very different. Moreovér, unlike the ground-
based lidar, the zonal averaging of the HRDI temperatures will tend to remove any local or regional
effect. Consequently, 5 perfect consistency between the observed structures in the lidar and HRDI
temperature diffcre;ces should not be expected unless a strong tidal component is present (i.c., large
amplitudes are involvéd). This is actually the case for a well defined warm period propagating downward
from 100 km at 10:00 LST (HRDI dataset) to 75 km at 20:00 LST (lidar dataset) observed in both January
1997 and February 1998. Also well defined in the lidar data is a thin layer of strong temperature change
between 60 and 70 km, the result of downward propagating temperature inversions, and a wide layer of

continuous cooling between 40 and 60 km, especially visible in February 1998, all highly consistent with

10



previous observations at winter midlatitudes [Gille et al., 1991). Even though a LST dependence is

evident it is still difficult to assign this unequivocally to a tidal origin.

The next step is to compare these observed temperature differences to the corresponding values calculated
from the outputs of tidal models. The diurnal and semidiumnal phases and amplitudes from GSWM were
used to compute the GSWM temperature differences from the daytime and nighttime averages. Assuming

GSWM temperatures defined by:
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and phases of the diurnal and semidiurnal components given by GSWM, the daytime average (between
8:00 and 16:00 LST) can be calculated as follows:
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The temperature differences from the daytime and nighttime averages predicted by GSWM in January at
the latitude of TMF are plotted in plate 2 with the same scalés as plate 1. This way, the lidar and HRDI
results can be directly compared to GSWM. Since it has frequently been found that obsqrved diurnal and
semidiurnal amplitudes and those predicted by GSWM differ by at least a factor of two [Dao et al., 1995;
Yu et al., 1997; States and Gardner, 1998], the differences plotted in plate 2 were determined by doubling
the GSWM values. In all following plots and discussion the GSWM amplitudes are twice the amplitudes

actually predicted by GSWM,

Remarkable similarities are found between lidar, HRDI, and GSWM results. First the downward
propagating warm period shown in plate 1 is also predicted by GSWM but two to three hours later than
actually observed by HRDI. The warm early night and cold late night observed between 40 and 60 km is
also predicted by GSWM but between 40 and 55 km. The cold early night and warm late night observed
by lidar in the thin layer 65-70 km (result of the downward propagating temperature inversion) is also
predicted, between 55 and 65 km, by GSWM but with a much smaller amplitude. This last result would
indicate that the mesospheric temperature inversions observed above TMF in winter are the result of the
combined effect of the diurnal and semidiurnal components. Finally, although some geophysical and
instrumental noise remains above 75 km in the lidar data it seems that the beginning of the night is
warmer than the end of the night, especially in January 97. This is still observed in February 98 but with a
weaker amplitude. 'Again this is in good agreement with GSWM which predicts a larger effect of the
semidiurnal component in January than in April (not shown). The main features predicted by GSWM are
also observed by HRDI. Colder periods between 8:00 and 10:00 LST around 90-95 km, and between
13:00 and 15:00 LST around 70-80 km, and warmer periods at 8:00-9:00 LST below 75 km and

propagating downward during the all day from 105 km to 85 km.

12



4. Determination of the diurnal and semidiurnal tidal components from a 10-hour nighttime

measurement window.

Plates 1 and 2 clearly show the points of agreement and disagreement between lidar, HRDI, and GSWM.
The next step is to try to extract the diurnal and semidiurnal components from the lidar observations. As
indicated in the introduction, fitting both 12- and 24-hour components using an 8- to 11-hour wide
measurement window can be tricky if not hazardous. For this reason, some simulations were made to
insure that the methods described below were relevant and reliable. The tests consisted of calculating 24
simulated temperature profiles (1 every hour) using given amplitudes and phases of propagating diurnal
and semidiurnal components. To optimize the tests, the diurnal vertical wavelength was assigned to be 20
km with a phase at 00:00 at 50 km. The semidiurnal vertical wavelength was assigned to be 30 km with a
phase at 00:00 at 50 km and the amplitudes of both components were set to be constant with height
throughout the entire middle atmosphere. Thus the repetition of the modulation of one component by the
other is covered entirely in a 60-km range and one can focus on the real problem, i.e., the effect of
undersampling. The tests were made with 3 simulation configurations. In the first configuration (I), the
amplitudes of the diurnal and semidiurnal components were the same and equal to 2 K. In the second
configuration (II), the semidiurnal amplitude was 4 K and the diurnal amplitude was 1 K. In the third
configuration (III), the semidiurnal amplitude was 1 K and the diurnal amplitude was 4 K. This allowed
the determination of the effect of a dominant component. Since we are focusing on the effect of the
amplitudes and the effect of the undersampling, no noise nor geophysical disturbances other than tides

were introduced.

Figure 3 shows the effect of fitting the simulated profiles with the configuration (I) over a 10-hour
measurement window (here 18:00 - 4:00 LST) using the difference from the true 24-hour average. For
brevity, only the results from configuration (I) will be shown in this paper. The actual amplitudes and

phases are plotted with triangles and the amplitudes and phases calculated by the fits are plotted with
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circles and error bars. Figure 4 is similar to figure 3 but using the differences from the 10-hour average
instead of the true 24-hour average. As expected, when the 10-hour average is used the extraction of the
diurnal and semidiurnal components is not necessarily correct. Two major conclusions emerge from the
results from all three configurations. First, a component with a small amplitude compared to the other can
never be retrieved correctly (configurations II and III, not shown). Second, when its amplitude is large
enough, the semidiurnal component can be correctly retrieved (figure 4, right plots). Also, when its
amplitude is large enough the diurnal component can be determined but not directly from the results of
the fit. It can be seen from figure 4 that fitting over a 10-hour wide window will give a repetitive pattern
in the diumal calculated phase with an alternation of regions of nearly-constant phase with height and
regions of undetermined phase. This periodic pattern is dictated by the location and width of the
measurement window. The regions of constant phase with height are always located in quarter-phase with
the center of the measurement window. The reason is that, in this region, the cosine function crosses zero
near the center of the window and the resulting 10-hour average will be close or equal to the true 24-hour
average. Where the associated standard deviation of the phase is minimum and the associated amplitude is
maximum, the fit will converge to the correct values of both amplitude and phase of the diumal
component even if fitted over a 10-hour window, as illustrated by figure 3. Using the same argument, it
appears that the regions of undetermined phase are always located in phase or out-of-phase with the
center of the measurement window, and the associated amplitude will be calculated as near-zero. In the
case of figure 4 the measurement window is 18:00 - 04:00 LST (close to a standard night), centered on
23:00 LST. Then the regions of constant phase with height are in quarter-phase with 23:00 LST, i.e.,
17:00 and 5:00 LST, and the regions of undetermined phase are in phase and out-of-phase with 23:00
LST, i, 11:00 and 23:00 LST. To ensure that this pattern is obtained wherever the measurement
window is located, this latter was shifted 8 times by 3-hours and each time a similar pattern was obtained.
This method of diurnal phase determination is very useful when the diurnal phase is expected to
propagate downward over at least one vertical wavelength and when the diurnal amplitude is not too

small compared to the semidiurnal. It is not applicable when the diurnal amplitude is too small compared
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to the semidiurnal (configuration II, not shown). Although this method is not always applicable in the

stratosphere and mesosphere we will see below how useful it appears to be in the case of TMF.
5. Diurnal and semidiurnal tidal components calculated from lidar measurements.

Figure 5 shows the results of the 2-component fits applied to the GSWM differences from the 10-hour
average plotted in plate 2 between 19:00 and 5:00 LST. The true GSWM diurnal and semidiurnal
amplitudes (x2) are plotted with solid lines and the amplitudes calculated by the fits are plotted with solid
lines with error bars. The true GSWM diurnal and semidiurnal phases are plotted with triangles and the
results from the fits are plotted with circles and error bars. As explained above, the regions of constant
diurnal phase yvith height are located near 18:00 and 6:00 LST and the regions of undetermined phase are
located at 12:00 and 00:00 LST. It is clear that a basic phase interpolation i)etween the regions of
maximum calculated diurnal amplitude associated with constant diurnal phase with height and minimum
standard deviation c;n diurnal phase and the regions of undctermirled diurnal phase associated with near-
zero diurnal amplitudc will give a correct estimation of the diurnal phase. Also, when the semidiurnal
amplitude is not too small compared to the diurnal amplitude (i.e. above 55-60 km), the semidiurnal phase
is correctly calculated. Figure 6 is similar to figure 5 but the fit is now applied to the lidar data plotted in
Plate 1(b) (February 1998). The GSWM diurnal and semidiurnal amplitudeé are plotted with solid lines
and the amplitudes calculated by the fits are plotted with solid lines with error bars The GSWM diumnal
and semidiurnal phases are plotted with triangles and the results from the fits are plotted with circles and
error bars. On the diurnal phase plot, the altitude of each characteristic region is now shifted by a few
kilometers compared to GSWM. This altitude shift was already observed when comparing plates 1 and 2.
This confirms that the diurnal phases predicted by GSWM and observed by lidar are consistent so long as
we take into account this observed altitude shift. The layer of fast phase transition (calculated at 53-58 km
by GSWM and observed at 57-60 km by lidar) points out the transition between the dominance of the
forced modes trapped into the upper stratosphere and the propagating modes into the mesosphere. An

estimation of the correct diurnal phases and amplitudes can be made by comparison with the diurnal
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phases and amplitudes given by GSWM as a "first guess". The diurnal phase seems to have been well
tracked, propagating downwal:d from 8:00 LST at 83 km to 18:00 LST at 73 km with a maximum
associated amplitude, 6:00 LST at 60 km and again 18:00 LST at 57 km."l‘hen, it remains constant
(~18:00 LST) down to 40 km, as predicted by GéWM. However, the semidiurnal an;plimde calculated by
the fit remains sr;lall below 70 km, with some occasional peaks occurring at 40 and 60 km. Except at
these altitudes, the calculétted semidiurnal phases are inaccurate and no result on the semidiurnal tide can
be obtained directly from the fit. In particular, the apparent downward propagation bmwn 65 and 60 km
of the semidiurnal phase from 4:00 LST to 8:00 LST is a misinterpret?tion by the fit and is actually the
result of the downward p;'opagaﬁon of the diurnal phase. By comparing plates 1 and 2, and by taking the
values of the semidiurnal phase where the associated standard deviation is minimum and the associated
amplitude is maximun’\, it is possible to have sporadic estimations of the semidiurnal component.
Actually, they appear to rbc very close to the semidiurnal phases and amplitudes given by GSWM. Once
the estimated diurnal and semidiurnal components have been determiped, the last step is to ensure that
they correspond to the oBservations. Plate 3 is similar to plate 2 but using the newly estimated
components instead of GSWM. Our new estimations are available only between 40 and 84 km. Below 40
km the amplitudes\are too small and above 84 km the lidar data are affected by noise and initialization so
that no estimatioﬁ was attempted. The agreement with both lidar‘ and HRDI (plate 1) is remarkable. The -
warm early night and cold late night between 40 and 60 km have similar amplitudes, the warming trend in
the thin layer 65-70 km is well reproduced, with now much larger amplitude than calculated by GSWM.
Also the warm early night and cold late night above 70 km is well reproduced. The agreement with HRDI
is good too; wann early day at 70 km, a cold period at 13:Q0 LST and 85 km and at 14:00-15:00 LST at

65 km, then a warmer late day at 84 km and below.

To verify that our estimations are correct, a 24-hour average profile was estimated and used to re-apply a

two-componént fit to the lidar data. Using each of the ten hourly composite profiles (from 19:00 to 5:00
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LST) and our estimations of the diurnal and semidiurnal phase and amplitude, ten 24-hour averaged

profiles were calculated:

u E 27 B E 2% B
Iy! (2)=T(z,4)- Apu(2) 098(7(': -4’24(1)))-42(2) 009(-{'2—(‘: ‘¢|2(Z))) 3

Then a singular 24-hour average profile was obtained by taking the average:
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If the estimated phases and amplitudes are correct, the newly estimated 24-hour average 7;3(:) will be

—E
equal or close to each of the 24-hour averaged profiles 7’ (z) (small rms.) and the results from the fit

applied to the differences from this 24-hour average will converge to the tn;e components (as illustrated
by figure 3) and will no longer indicate regions of constant diu;rxal phase with height and regions of
undetermined diurnal phase. Figure 7 is similar to'ﬁgure 6 but using the estimated 24-hour average
instead of the 10-hour average. The estimated diurnal and semidiurnal ‘amplitudes are plotted with solid
lines and the amplitudes calculated by the fits are plotted with solid lines with error bars. The estimated
diurnal and semidiurnal phases are plotted with triangles and the results from the fits are plotted with
circles and error bars. As expected, there are no longer alternate regions of constant diurnal phase with
height and regions of undeténnincd diurnal phase. Actual!y the regions of constant phase with height
displayed ilerc between 40 and 55 km are representative of a real atmosphere (forced modes) and the
region of apparently undetermined diurnal phase at 58 km is due to the txansitiox; from the dominant
forced modes with a diurnal phase at 17:00 LST below 55 km to the propagating modes with a diurnal
phase at 5:00 LST at 59 km. The amplitude associated to the latter modes reaches 7 to 10 K at 65 km.
Also expected is still the large uncertainty in the determination of the semidiurnal cémponent due to its

weak amp‘litude compared to the diurnal component. Except for two points at 42 km (and 60 km) with a
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semidiurnal amplitude of 2 K (and 3 K respectively) and a semidiurnal phase of 11:00 LST (and 9:00 LST

respectively), the fits have not converged to the estimated semidiurnal phases and amplitudes.
6. Discussion and conclusion.

A total of 140 hours of nighttime lidar measurements (30-85 km) taken in January 1997 and February
1998 at Table Mountain Facility (34.4°N) have been used to study t.he possible signature of the ,middle
atmospheric thermal tides. Some of the results have been shown together with the zonally averaged
daytime HRDI temperature profiles (65-105 km) taken at the same season and latitude between 1994 and

1997.

Persistent temperature inversions have been observed by lidar at 60-70 km altitude in both January 1997
and February 1998, with a repetitive behavior from day-to-day, suggesting a significant role is played by
the tides. For the two separate periods defined above and for the two periods taken together, the nightly-
average profile was subtracted from each of the hourly-mean profiles. This calculation was also made for
HRDI using the daytime average instead of the nighttime average. The temperature differences obtained
by lidar every hour between 18:00 and 5:00 LST and by HRDI between 8:30 and 16:30 LST were
compared to their equivalent calculated by the tidal model GSWM. Although local effects (like sun-
synchronous long-period gravity wave) are removed by the zonal averaging, a remarkably consistent
structure between HRDI and lidar has been identified, namely the downward propagation of warm
temperatures from 100 km at 10:00 LST to 75 km at 20:00 LST and 65-70 km at 3:00-5:00 LST
surrounded above and below by its colder counterparts (plate 1). At the lower end of this structure (60-70
km) the warm late night following the cold early night has been found to be associated with the
downward propagation of the temperature inversion layers (figure 2). Relatively good agreement was
observed between both HRDI and lidar observations and GSWM, especially-between lidz:lr and GSWM

below 58 km. The points of disagreement are mainly quantitative:
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1) First, and it is not new, the amplitudes calculated by GSWM are much smaller than those observed (at

least a factor of 2).

2) There is a 3-hour delay in the downward propagation of the warm temperatures between 105 and 80

km altitude as calculated by GSWM compared to HRDI.

3) The warm late night following the cold early night in the lower mesosphere is observed around 63 km

altitude by lidar while it is calculated around 58 km by GSWM.

The disagreement in 1) and 2) is substantially reduced for altitudes above 80 km if the recently revised
GSWM98 model is used [Hagan, Private communication). In this new model, the background winds and
Rayleigh friction have been modified. The model now incorporates a 6-year database of HRDI, HALOE
(below 50 km), and MLS (above 50 km) monthly, averaged data. The main consequences of these
changes are increases in the diurnal and semidiurnal amplitudes, and a counterclockwise phase shift of
about 1 to 4 hours (or an equivalent downward altitude shift of 4-7 km in phase) compared to the older
GSWM, depending on the altitude. However, the amplitude ratio between observations and GSWM98 is
still large for altitudes below 80 km. Furthermore, the altitude shift observed for the layer of fast phase
transition (58-63 km) is not reduced and is even slightly increased. From the observations it is clear that
the structured layer between 60 and 70 km altitude is LST related. Now the logically occurring question
is: Is this layer the result of a purely tidal signature, or is there a local effect (such as a 24-h period gravity
wave forced in the lower atmosphere), or could it be the result of coupling between gravity waves and
tides? The suggestion of a local eﬁ'ecf seems to be less probable since the temperature inversions and their
LST-related behavior have been frequently observed at different locations [Leblanc and Hauchecorne,
1997, States et al., 1998; Meriwether et al., 1998] preferentially suggesting a more global effect.
Therefore in the following discussion, we will focus only on the two possible effects of pure tidal

oscillations and gravity wave-tidal coupling.
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Assuming that the lidar observations in the mesosphere and, in particular, the temperature inversions are
representativé of a pure tidal signature, a major theoretical barrier has to be overcome. How large can the
diurnal and semidiumnal amplitudes be at 70 km altitude to lead to inversions with frequent 25 K
amplitudes? Using a "first guest” method and using simulated data, the diurnal and semidiurnal phases
and amplitudes have been estimated using the nighttime lidar profiles (sections 4 and 5). While the
semidiurnal component remains smaller than the diurnal component (especially below 70 km) and
consequently could not be correctly estimated in the entire middle atmosphere, the diurnal component has
been clearly identified. It appears that the estimated diurnal amplitude and phase are qualitatively close to
those calculated by GSWM but shifted by a few kilometers in altitude (figures 5 and 6). In particular, the
fast phase transition calculated to be around 58 km by GSWM and corresponding to the transition
between the upper stratospheric forced (trapped) modes and the upward propagating modes has been
estimated using the lidar data to be around 63 km, i.é., ~5 km higher. Immediately above this altitude the
warm late night following the cold early night is the consequence of a fast growing diurnal amplitude
with height. However, this behavior is contained in only a 5-8 km thin layer because of the emergence of
the semidiurnal component at upper altitudes. This latter together with the diumal component is
responsible for the warm early night then cold late night observed between 70 km and 75 km. The
estimated diurnal amplitude has a minimum at 58 km (transition between trapped and propagating modes)
and a maximum of 6.5 K at 65 km, with an associated phase around 2:00 LST. The diurnal amplitude
calculated by GSWM has its minimum at 56 km and a maximum of 2.5 K around 72 km. The estimated
semidiurnal phase is close to that of GSWM, with still a factor of two between the calculated and
estimated amplitudes. Thus, using estimated components qualitatively close to those calculated by
GSWM it is possible to reproduce adequately the nighttime behavior of the temperature inversions. The
cold bottom part of the inversion is mainly governed by the diurnal oscillation while the warm top part of
the inversion is actually governed by both the diurnal and semidiumal oscillations. Above 75 km, the
semidiurnal component is dominant and leads to a cold midnight and warm late night above 82 km (plate

3). The resulting temperature profile above 75 km therefore shows the downward propagation of a second

20



inversion with its bottom observable on the lidar data at the beginning of the night near 85 km and at the
end of the night around 80 km altitude (figure 2). However, the estimation of the tidal components in the
layer 82-86 km remains approximate due to the increasing noise in the lidar data above 80 km. Using both
daytime and nighttime Sodium lidar measurements above Urbana, IL (40°N) in fall, States and Gardner
[1998] have observed between 84 and 94 km a diurnal phase close to that of GSWM, which would
confirm, despite the difference in season and latitude, our current estimations. Unfortunately, they did not
provide any information on the semidiurnal component, but their figure 1 points out at 83 km a cold
period at 18:00-20:00 LST then warmer temperatures (relative to the nightly-mean) at 6:00-8:00 LST,
accompanied by two temperature minima within the 24-h window between 83 and 86 km, which is
consistent with the temperature behavior observed in our figure 2 and to our estimations of the diurnal
and semidiumnal phases. Although our estimated components have been calculated using the nighttime
data only, they appear to agree remarkably well with the results from the daytime HRDI measurements
(plates 1 and 3). A warm early day between 65 and 80 km, then a generally cold period between 12:00
and 15:00 LST below 85 km, then a warmer period propagating downward and just observable below 85

km after 15:00 LST (very end of the HRDI daytime window).

Although it has been shown that it is at least qualitatively possible to explain the formation of the
temperature inversions with the effect of pure tidal oscillations, the alternative explanation of a gravity
wave-tidal coupling is not unlikely. Indeed, using 2D numerical modeling [Liuv and Hagan, 1998) have
shown that the altitude and severity of the gravity wave breaking and its consequences can be strongly
influenced by the background wind, especially the tidal wind. The gravity wave breaks preferentially in
the region of strong vertical shear with the same sign as that of the gravity wave phase speed. Then,
turbulence, d}ﬁ‘usion and advection lead to cooling and heating layers, following the same mechanisms as
in previous‘ modeling of gravity wave-mean flow interaction [see for example, Holton, 1983,
Hauchecorne and Maillard, 1990, Fritts et al., 1996). The difference to previous modeling is the LST

dependence of the vertical shear (or in case of wave overturning the suradiabatic temperature gradient)
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and consequently the LST dependence of the formation of the inversions. This LST- and, especially,
gravity wave-related mechanism would clarify two majof striking features which have not been
elucidated previously. The strong day-to-day variability observed in many cases and the large amplitudes,
sometimes reaching 35-40 K at winter midlatitudes [Leblanc and Hauchecorne, 1997]. In addition, the
simulations are able to produce a second temperature inversion (multiple breaking levels) located one
vertical wavelength higher which is consistent with the observations (see figure 2 and States and Gardner

[1998]).

At this time, there are no available observations capable of favoring either of the two possible
mechanisms described above. The similarities between the observations and the o;xtputs from GSWM are
remarkable but there is still a large disagreement in the amplitudes involved to assert that purely tidal
oscillations are responsible for the formation of the temperature inversions. On the other hand, numerical
modeling has shown that LST-dependent temperature inversions can develop after gravity breaking but
the mechanistic model used in that case is at an early stage of development and more simulations have to
be made to locate and quantify more precisely the resulting mesospheric heating and cooling. More winter
nighttime lidar observations are planned at TMF and it is hoped that future results will allow our
estimations of the tidal components to be refined and perhaps have a better understanding of the middle

atmospheric thermal structure at midlatitude in winter.
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Figure Captions.

Figure 1. Nighttime evolution of hourly-mean temperature profiles measured by lidar at Table Mountain
Facility, CA (TMF) between January 09 (a), and January 11 (c), 1997 and between February 27 (d) and
March 03 (h), 1998. Each profile has been shifted by 10 K per hour starting at 19:00 LST or 20:00 LST
and ending at 5:00 LST. The CIRA-86 monthly mean profile for January at 34.4°N is also displayed

(dotted-dashed lines). The grey shaded areas correspond to observed temperature inversion layers.

Figure 2. Same as figure 1, but a) for the mean profiles of January 7-11, 1997, b) for the mean profiles

of February 26-March 04, 1998, and c) for the mean profiles of January 1997 and February 1998 together.

Figure 3. Diumal and semidiurnal phases (circles with error bars) and amplitudes (solid lines with error
bars) calculated by fitting 10 simulated hourly-mean nighttime (from 18:00 to 4:00 LST) temperature
profiles (departures from the true 24-hour average). The simulated diurnal and semidiurnal phases are

plotted with triangles and the simulated amplitudes (2 K) are plotted with solid lines with no error bars.
Figure 4. Same as figure 3 but the fits were applied to the differences from the actual 10-hour average.

Figure 5. Diumnal and semidiurnal phases (circles with error bars) and amplitudes (solid lines with error
bars) calculated by fitting 10 hourly-mean nighttime (from 19:00 to 5:00 LST) temperature profiles
(departures from the 10-hour average) as calculated by GSWM at 34.4°N in January. The true GSWM

components are plotted with triangles (phases) and solid lines with no error bars (amplitudes x 2).

Figure 6. Same as figure 5, but for the TMF lidar temperature differences of February 1998 (see plate
1(b)) instead of GSWM. The true GSWM 34.4°N-January phases are plotted with triangles and the

amplitudes (x2) with solid lines.
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Figure 7. Same as figure 6, but using the differences from our own estimated 24-hour average instead of
the actual 10-hour nighttime average. The estimated amplitudes are plotted with solid lines and no error

bars and the estimated phases with triangles.

Plate Captions

Plate 1. Hourly-mean lidar (HRDI) temperature differences from their nighttime (daytime) average. a)
lidar measurements at TMF during January 7-11, 1997, b) February 26-March 04, 1998, and c) January
1997 and February 1998 together. The mean lidar profiles of figure 2(a) to (c) have been used. For HRDI,

all temperature profiles taken at the latitude of TMF in January and February 1994-1997 have been used.

Plate 2. Same as plate 1 but the temperature differences were calculated using the phases and twice the

amplitudes of the diurnal and semidiurnal components predicted by GSWM at 34.4°N in January.

Plate 3. Same as plate 2 but using our own estimated diurnal and semidiurnal phases and amplitudes.
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Conlfig. I, fit over 18:00-4:00 LST and using 24-hour average
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Config. I, fit over 18:00-4:00 LST and using 10-hour average
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Lidar-Feb98, fit over 20:05-5:02 LST using 10-hour aver.

lw ]-lviv'vtv]vlv-'—rlm M A B4 B4 B BA BE BE D B

Diumal Amp. (K)

| gp| Semidiumal Amp. (K)

80
70t !
{ 60} 1
1 50} 4
140

30
012345678910 012345678910

(0 ' RAAS RAAS AAAR SASS AARE RAR

Diurnal Phase

0Lttty 30

0 4 8 1216 20 0 0 2 4 6 8 10 O

ﬂfmé



Lidar, fit over 20:05-5:02 LST using estim. 24-h aver.
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